ABSTRACT In this paper, we propose a novel dual-mode time-domain single-carrier (SC) index modulation (DM-SCIM) scheme, where the combination of two constellation modes carries information bits further to modulated symbols, hence increasing the transmission rate. Accordingly, the proposed DM-SCIM scheme is capable of attaining a higher transmission rate than the conventional SC and SCIM schemes, without imposing any additional performance penalty. Furthermore, in order to maintain the detection complexity low enough to be tractable at the handset receiver, a successive detection algorithm, comprising minimum mean-square error (MMSE)-based frequency-domain equalization and log-likelihood ratio detection, is developed for both the conventional SCIM and the proposed DM-SCIM schemes. We also derive the error-rate bound of the proposed DM-SCIM scheme under the assumption of a channel-uncoded scenario. Moreover, in order to further increase bandwidth efficiency, the proposed DM-SCIM scheme is extended to the scenario supporting faster-than-Nyquist signaling, where the symbol interval in the time domain is set to be smaller than that defined by the Nyquist criterion. Our simulation results demonstrate the explicit performance advantage of the proposed schemes over the existing SC schemes. It is also revealed that our DM-SCIM scheme is capable of achieving a significantly lower peak-to-average power ratio than orthogonal frequency division multiplexing (OFDM) and OFDM with index modulation, while benefiting from a high reliability, which is achievable by multipath diversity.
I. INTRODUCTION
The recent concept of index modulation (IM) [2] , [3] introduced in the spatial [4] - [7] and frequency domains [8] - [10] is a promising approach for next-generation energyand bandwidth-efficient wireless communications. For example, orthogonal frequency-division multiplexing with IM (OFDM-IM) [8] , [9] adopts an IM-based symbol mapping principle in the frequency domain, where a subset of the multicarriers is activated in each OFDM frame, and its activated multicarrier index conveys additional information relative to the classic modulation scheme. 1 More specifically, in [9] , it was clarified that the OFDM-IM scheme tends to be more effective than the classic OFDM scheme, especially in a low-rate scenario. Note that both the OFDM and OFDM-IM schemes typically suffer from a high peak-toaverage power ratio (PAPR) [9] . Additionally, in [11] , Chung proposed the generalized OFDM framework, referred to as orthogonally multiplexed orthogonal amplitude modulation (OMOAM), where the orthogonal multiplexing and grouping methods were used in the frequency domain with pulse amplitude signaling, and hence it is capable of striking a tradeoff between the transmission rate, the error rate, and the PAPR.
In order to expand the OFDM-IM scheme's beneficial throughput regime relative to the classic OFDM scheme, the dual-mode (DM) OFDM-IM scheme was proposed in [12] , [13] . Specifically, while in the original OFDM-IM family, the multicarriers in each subset are composed of zeros and non-zero symbols associated with the same single constellation mode, most recently in the DM OFDM-IM scheme [12] , two constellation modes are employed in each multicarrier subset. When comparing the OFDM-IM and DM OFDM-IM schemes having the same index combination, the total number of information bits conveyed by the modulated symbols in the DM OFDM-IM scheme is greater than that for the OFDM-IM scheme. Furthermore, in [13] , the DM OFDM-IM scheme is generalized so that the number of subcarriers modulated by the same constellation mode in each multicarrier subset is alterable, hence further increasing the transmission rate. Naturally, a high PAPR limitation is imposed on the DM OFDM-IM scheme, similar to the conventional OFDM and OFDM-IM schemes.
As a means to reduce the PAPR of the above-mentioned OFDM family, single-carrier (SC) symbol transmission with frequency-domain equalization (FDE) [14] - [16] has been widely employed in uplink scenarios of the current standards [17] . Since the OFDM and FDE-aided SC schemes are close relatives [16] , the FDE-aided SC scheme is capable of achieving comparable error-rate performance to that of OFDM while also attaining a significantly lower PAPR than OFDM. Note that, as mentioned in [18] , the FDE-aided SC scheme also benefits from multipath diversity gain, which is attainable without relying on channel coding, unlike its OFDM counterpart. Most recently, the SC counterpart of the OFDM-IM scheme was proposed in [19] , where the positions of non-zero symbols in the time-domain subframe carry additional information based on the IM principle. However, the performance advantage of the time-domain SC-based IM (SCIM) scheme [19] over the conventional SC scheme is seen particularly in a low-rate regime, in a similar manner to that of OFDM-IM over OFDM [9] .
Since its first proposal in the 1970s, the concept of fasterthan Nyquist signaling (FTN) [20] , [21] has been rediscovered as a means of increasing bandwidth and energy efficiencies. More specifically, in FTN signaling, the symbol interval in the time domain is set to be smaller than that defined by the Nyquist criterion. This allows the transmission rate to be increased without increasing the bandwidth, but this has the detrimental effect of increasing inter-symbol interference (ISI). To deal with this situation, low-complexity time-and frequency-domain equalizers were developed in [22] - [26] , respectively. Most recently, in [27] , the IM principle was incorporated into FTN signaling, in order to reduce the effects on ISI, by decreasing the number of transmitted symbols.
Against this background, the novel contributions of this paper are as follows.
• We propose a DM-SCIM scheme, where multiple constellation modes are employed for time-domain SC symbols, and the combination of the constellation modes conveys more information relative to the classic amplitude and phase shift keying (APSK)-modulated symbols. Accordingly, the proposed scheme is capable of increasing the effective transmission rate of the conventional single-mode SCIM scheme [19] , without imposing any additional performance loss.
• In order to achieve a low decoding complexity, namely, one tractable at the receiver, a successive detection algorithm comprising minimum mean-square error (MMSE)-based FDE and log-likelihood ratio (LLR) detection is employed for both the conventional SCIM and the proposed DM-SCIM schemes. We also derive the error-rate bound, in order to verify the system model of the proposed scheme. For the sake of further improving the performance of the DM-SCIM scheme, we also introduce a symbol mapping scheme [19] , which is capable of reducing the inter-channel correlation between the symbols in the subframe.
• Moreover, our DM-SCIM scheme is amalgamated with the concept of FTN signaling, in order to further enhance the bandwidth and energy efficiencies. By reducing the symbol interval between the time-domain DM-SCIM symbols, a transmission rate is further increased without increasing a bandwidth and a transmit power. It is also ensured that the low-complexity successive detector developed for the DM-SCIM scheme is readily applicable to this FTN counterpart, by introducing a minor modification.
• Our simulation results demonstrate the explicit performance advantage of the proposed schemes over the existing SC scheme. Furthermore, the multipath diversity gain achieved by the DM-SCIM scheme is shown to be beneficial over the OFDM-IM scheme, while the DM-SCIM scheme exhibits a significantly lower PAPR than the OFDM-IM scheme. The remainder of this paper is organized as follows. Section II presents the system model of our FDE-aided DM-SCIM scheme, while in Section III the analytical errorrate bound is derived. In Section IV, the concept of FTN signaling is incorporated into the proposed DM-SCIM scheme. In Section V, we present the results for the FDE-aided DM-SCIM scheme, and finally this paper is concluded in Section VI.
II. SYSTEM MODEL
In this section, we present the system model of the proposed DM-SCIM scheme. Figs. 1(a) and 1(b) show the frame structures of the conventional SC scheme and the proposed DM-SCIM scheme, respectively. While a single constellation mode having a constant average transmit power is employed in the conventional SC scheme ( Fig. 1(a) ), in the DM-SCIM scheme, each frame is divided into a train of subframes that contain two constellation modes having different average transmit powers ( Fig. 1(b) ). In the DM-SCIM scheme, information is conveyed not only by the modulated symbols but also by the combination of constellation modes in each subframe. A. TRANSMITTER MODEL Fig. 2 shows the system model of our DM-SCIM transceiver. In the proposed DM-SCIM scheme, N -length data symbols
T are transmitted in each frame. These data symbols s include L subframes, i.e.,
Furthermore, each subframe spans M symbol intervals as follows:
The system model of the DM-SCIM transmitter is depicted in the upper part of Fig. 2 . First, information bits are serial-toparallel converted into L bit sequences, where each sequence has B = B 1 + B 2 bits. The first B 1 out of the B information bits are referred to as index bits, which are used for selecting the constellation modes of the M symbols. More specifically, K out of M symbols are selected to be modulated by the P A -point APSK constellation, while the remaining M −K symbols employ the P B -point APSK constellation. The combination of two constellation modes in the M symbols conveys information bits, and hence the index bits have the relationship
In the rest of this paper, let us define these two constellation modes as Modes A and B. Additionally, the B 2 = B − B 1 bits are divided into B 2,A and B 2,B bits; hence, they have the relationship B 2 = B 2,A + B 2,B . The first B 2,A bits are used for modulating K P A -point APSK symbols, and the remaining B 2,B bits are used for modulating M − K P B -point APSK symbols. Therefore, we have
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For example, let us consider the DM-SCIM scenario of (M , K ) = (4, 2). Then, the legitimate combination of two constellation modes is represented by
where S
A and S (2) A are P A -point APSK symbols, and S
(1) B
and S (2) B are P B -point APSK symbols. Let us assume that
} are the P A -and P B -point APSK constellations, respectively. Then, the relationship C A ∧ C B = ∅ has to be satisfied. To be more specific, we consider the two APSK constellation sets P A = 4 and P B = 8, as shown in Fig. 3 . In the figure, C A is the QPSK constellation, and C B is the 8PSK constellation. By rotating the phase of π/8 for the outer 8PSK constellation, the minimum Euclidean distance of the joint constellation C A ∨ C B is increased. Furthermore, let us consider an example of three constellation mapping models, namely, the Model A of Table 1 , where the average transmit power of the joint constellation C A ∨ C B is fixed to unity. As shown, Model B exhibits the highest minimum Euclidean distance, while Model A has the lowest average PAPR value. Hence, the coding gain and PAPR have the tradeoff relationship in our DM-SCIM scheme. Note that although the PAPR of the DM-SCIM scheme is higher than that of conventional SC, i.e., 0 dB, it is significantly lower than those of the OFDM and the OFDM-IM schemes.
Having generated the DM-SCIM frame s of (1), it is then interleaved for the entire DM-SCIM subframe, in a similar manner to that proposed for the previous SCIM scheme [19] . Finally, a sufficiently long cyclic prefix (CP) is added to the interleaved frame, for the sake of allowing a lowcomplexity FDE-based MMSE equalization at the receiver, where we assume that the CP length ν is greater than the delay spread.
The normalized transmission rate of our FDE-aided DM-SCIM scheme is given by
Since the conventional SCIM scheme [19] includes zero symbols in each subframe, it is a challenging task to increase the transmission rate in comparison to the conventional SC scheme. However, in the proposed DM-SCIM scheme, while exploiting the IM principle, all the symbols are modulated, unlike in the conventional SCIM scheme. This contributes to the effective increase in the transmission rate of the DM-SCIM scheme.
B. RECEIVER MODEL
The DM-SCIM receiver model is shown in the lower part of Fig. 2 , where the MMSE-FDE is used for estimating the DM-SCIM frame s. After removing CP symbols, the received signals in the time domain y ∈ C N are represented by
where H is the channel matrix and n comprises the additive white Gaussian noise (AWGN) components, following the complex-valued Gaussian distribution CN (0, N 0 ), in which N 0 is the noise variance. Furthermore, H exhibits a circulant structure whose first column corresponds to the J -length channel impulse responses (CIRs) and N − J zeros, i.e.,
The time-domain received signals are transformed to frequency-domain counterparts by invoking the inverse discrete Fourier transform (IDFT)-based eigenvalue decomposition H = Q T f Q * , where f = [λ (1, 1) , · · · , λ (N ,N ) ] is a diagonal matrix whose diagonal elements are the IDFT coefficients of the CIRs, and Q is the IDFT matrix. More specifically, the frequency-domain received signals y f are given by
In order to estimate the transmitted DM-SCIM symbols s, the low-complexity diagonal MMSE equalization and the discrete Fourier transform (DFT) are carried out. More specifically, the ith component of the diagonal MMSE weights W is represented by [14] 
Thus, the time-domain symbols are attained bŷ
Having attained the estimates of the DM-SCIM frameŝ, the bit sequence of the lth subframe is estimated by the maximum likelihood (ML) criterion as follows:
whereb is the estimated bit sequence. The computational complexity of ML detection is
/B per bit. Note that the detection complexity of (13) is significantly high if the value of M is large.
C. LLR DETECTION FOR DM-SCIM
The successive detection of MMSE-FDE and exhaustive ML search, introduced in Section II-B, may exhibit an excessively high complexity for the large search space of (13) . In order to reduce the associated detection cost, we herein introduce the concept of LLR detection, which was originally developed for OFDM-IM [12] , [28] , into our DM-SCIM.
More specifically, the LLR of the a posteriori probabilities of Modes A and B for the mth symbol in the lth subframe is represented by
Let us consider Bayes' formula P s
and the probabilities P s
From (16), each LLR is calculated with a complexity of O(M ). Practically, in order to avoid the potential numerical overflow in the calculations of (16), the Jacobian logarithm may be used in a similar manner to [28] .
Having attained an LLR value for each symbol in the DM-SCIM subframe s according to (16) , we now detect the combination of modulation modes and then demodulate each symbol. More specifically, the LLRs are sorted in descending order, and modulation modes are detected from the symbols having higher LLR values. Once the combination of modulation modes in a subframe, i.e., the IM bit sequence, is detected in a unique manner, other remaining LLRs will not be used. Finally, each APSK symbol is demodulated, based on the detected modulation modes. In order to elaborate a little further, using Fig. 4 , we compared the achievable bit error probability (BER) performance of our DM-SCIM schemes using the exhaustive ML search of (13) and the LLR detection of (16) , where the DM-SCIM parameters were set as (M , K , P A , P B ) = (2, 1, 4, 8) and the CIR length was J = 20. Observe in Fig. 4 that LLR detection exhibited almost the same BER values as those achievable by exhaustive ML search.
In a similar to LLR detection derived here for our DM-SCIM scheme, the one that operates in the previous SCIM scheme [19] is readily derivable, which has not been presented before. Further note that the LLR detection of the DM-SCIM and SCIM schemes is enabled by exploiting signals filtered by low-complexity FDE-MMSE, which is different from LLR detection of the DM-OFDM-IM and OFDM-IM schemes.
III. ANALYTICAL ERROR-RATE BOUND
In this section, we derive the analytical upper bound of BER for the proposed scheme, under the assumption of a channeluncoded scenario. The received signals in the frequencydomain represented in (10) are rewritten as
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where Q(·) is the Q-function. The unconditional PEP can be obtained by averaging the conditional PEP of (18) . Hence, we have
The performance of the DM-SCIM scheme relying on ML detection can be estimated according to the unconditional PEP. More specifically, the analytical upper bound of BER is calculated as [30] 
where d(S f , S f ) represents the Hamming distance between S f and S f .
IV. DM-FTN-IM SCHEME
In this section, we introduce another scheme that amalgamates our DM-SCIM and FTN signaling, which is referred to as DM-FTN-IM in this paper. Let us define the ISI-free symbol interval limit as T 0 = 1/(2W ), which is determined by the Nyquist criterion, for the case that the symbols are strictly bandlimited to W [Hz].
In the proposed DM-FTN-IM scheme, information bits are modulated onto an N -length time-domain DM-SCIM frame s, which is the same as that modulated in (1) of our DM-SCIM scheme (Section II-A). After adding a sufficiently long CP (length ν) to s in order to haves = [s 1 , · · · ,s N +ν ] T ∈ C N +ν , the DM-FTN-IM transmitter transmits the frame with the symbol interval shortened to T = αT 0 , where α < 1 is the symbol packing ratio. Hence, the time-domain transmit signal is represented by
where a(t) represents the impulse response of a root-raisedcosine (RRC) filter, which is used for pulse shaping in this paper. Note that when we have α = 1, the system model of the DM-FTN-IM scheme becomes equivalent to that of the DM-SCIM scheme.
The normalized transmission rate of the DM-FTN-IM scheme is expressed by 1 α
where the coefficient 1/α represents the effects of a rate increase achievable owing to FTN signaling. Also, the coefficient 1/(1 + β) corresponds to the effects of bandwidth expansion caused by the RRC filter, which one should note in practice is unavoidable even for other transmission schemes, such as the SC, SCIM, DM-SCIM, OFDM, and OFDM-IM schemes.
At the receiver, the received signal is firstly matchedfiltered by an RRC shaping filter a * (−t). Then, the signals associated with the CP are removed from the samples, in order to obtain the block-wise received symbols of [25] 
where G ∈ R N ×N represents a circulant matrix having the
which corresponds to the ISI effects induced by FTN signaling [25] . Here, ξ is the effective tap length of FTN-induced ISI, while
In order to maintain circulant structures for H and G, it is assumed that the CP length is set larger than the resultant tap length, which is caused by the FTN-induced ISI effects, as well as the long CIR dispersive channel.
Furthermore, since both the matrices H and G exhibit a circulant structure, we have the relationship HG = Q T f G Q * with the aid of the IDFT operation, where G represents the diagonal matrix calculated from the IDFT coefficients of G. This implies that the received signal model of DM-FTN-IM in (23) is similar to that of DM-SCIM. Hence, at the receiver, the low-complexity successive algorithm of MMSE-based FDE and LLR detection proposed in Section II-C can be readily carried out in the DM-FTN-IM receiver. It should be noted that in order to eliminate the colored noise effects in (23), the low-complexity noisewhitening MMSE detector of [26] has to be employed instead of the conventional one.
V. PERFORMANCE RESULTS
In this section, we present our simulation results, in order to characterize the proposed DM-SCIM and DM-FTN-IM schemes, employing the successive MMSE-aided FDE and LLR detection at the receiver. The achievable BER and PAPR performances were investigated, based on Monte Carlo simulations. The basic system parameters are listed in Table 2 . We assumed a frequency-selective Rayleigh fading channel having a CIR length of J = 20. The block length was set to N = 128 and the CP length was ν = 20. A. ERROR-RATE PERFORMANCE Fig. 5 shows the BER performances of the DM-SCIM schemes employing different constellations, namely, Models A, B, and C shown in Fig. 3 and Table 1 . The DM-SCIM parameters were set as (M , K , P A , P B ) = (2, 1, 4, 8 ). Hence, we had B 1 = 1 bit, B 2,A = 2 bits, and B 2,B = 3 bits, as well as the normalized transmission rate of R = 2.59 bps/Hz. As seen from Fig. 5 , the DM-SCIM scheme employing Model B achieved the best BER performance among the three. Thus, it was found to be effective to design the two constellations modes based on the minimum Euclidean distance of the joint constellation C A ∨ C B . FIGURE 6. BER performances of the DM-SCIM scheme employing constellation Model B, the conventional SCIM scheme, and the conventional SC scheme employing 8PSK. DM-SCIM parameters, (M, K , P A , P B ) = (2, 1, 4, 8 ). Fig. 6 shows the BER performances of the DM-SCIM scheme employing Model B and of the conventional SC scheme. The DM-SCIM parameters were set as (M , K , P A , P B ) = (2, 1, 4, 8), while 8PSK was used for the conventional SC scheme. Hence, the transmission rate of both the schemes was R = 2.59 bps/Hz. Furthermore, the delay spread was J = 1, 10, or 20. As seen from Fig. 6 , our scheme archived a better BER performance than the conventional SC scheme in the J = 10 and 20 scenarios. More specifically, the performance advantage of the DM-SCIM scheme over the conventional SC scheme, which was recorded for BER = 10 −5 , was approximately 1 dB for the delay spread of J = 20. Furthermore, this advantage of the DM-SCIM scheme increased upon increasing the SNR value. Also, observe in Fig. 6 that upon increasing the delay spread, the achievable diversity order increased, owing to the explicit benefit of the multipath diversity gain. Fig. 7 shows the BER performances of the DM-SCIM scheme, the conventional SC scheme, and the conventional SCIM scheme for the case of two receive antennas. The system parameters of the DM-SCIM scheme and the conventional SC scheme were the same as those used for Fig. 6 . The parameters used for the conventional SCIM scheme were set as (M , K , P IM ) = (2, 1, 32), where P IM is the constellation size. As seen from Fig. 7 , regardless of the number of receive antennas, our scheme tended to outperform the conventional SC scheme. Since the SCIM scheme has zero symbols in each subframe, the constellation size had to be high in order to attain the same transmission rate as that of our DM-SCIM scheme. This imposes a performance penalty on the SCIM scheme, and hence the BER performance of our DM-SCIM scheme was significantly better than that of the SCIM benchmark scheme. Fig. 8 shows the effective SNRs of the DM-SCIM scheme and the conventional SC scheme, which were recorded for the BER value of 10 −4 . In the simulations, the CIR length was varied from J = 1 to J = 20 in steps of one. As seen from Fig. 8 , our scheme achieved BER = 10 −4 at a lower SNR than the conventional SC scheme for J ≥ 2. Furthermore, the performance gain of our scheme increased with the increase of the CIR length. Note that in the frequency-selective fading channel, the delay spread is typically tens of symbol intervals. Using Fig. 9 , we investigated the achievable BER performance of the DM-FTN-IM scheme, which was compared with the conventional FTN-IM and FTN schemes, employing the proposed successive MMSE-based FDE and LLR detection. The symbol packing ratio was α = 0.7 or 0.8. Observe in Fig. 9 that the proposed DM-FTN-IM scheme achieved the best performance among the three FTN-related schemes. Also note that both the FTN-IM and DM-FTN-IM schemes plotted here were not tractable in the previous exhaustive ML search [27] , due to the excessively high detection complexity. These schemes only became possible to use because of the explicit benefit of the low-complexity successive detection introduced in this paper.
B. PAPR ANALYSIS
Finally, using Fig. 10 , we compared the complementary cumulative distribution functions (CCDFs) of PAPRs of the DM-SCIM, SCIM, SC, OFDM-IM, and OFDM schemes. Here, 8PSK was used for the SC and OFDM schemes, while the parameters were set as (M , K , P IM ) = (8, 7, 8) for the SCIM and OFDM-IM schemes. The parameter values (M , K , P A , P B ) = (2, 1, 4, 8) were employed for the DM-SCIM scheme. The transmission rate was 3 bps/Hz when ignoring the effects of the CP. The effects of pulse shaping were also investigated for the SC, SCIM, and DM-SCIM schemes. The number of subcarrier was set to 1024 for the OFDM and OFDM-IM schemes. Observe in Fig. 10 that the SC-based transmission schemes without pulse shaping, such as the DM-SCIM, SCIM, and SC schemes, exhibited significantly lower PAPR profiles than the OFDM-IM and OFDM schemes, as expected. Upon introducing pulse shaping into the SC transmission family, their PAPR profiles increased but remained much lower than those of OFDM-IM and OFDM without pulse shaping.
VI. CONCLUSIONS
In this paper, we have introduced the concept of DM SCIM in the context of broadband SC systems, in order to increase the transmission rate of the conventional SC and SCIM schemes. A low-complexity successive detection algorithm, comprising MMSE-aided FDE and LLR detection, was developed for the proposed DM-SCIM scheme, as well as the conventional SCIM scheme. Moreover, in order to further enhance the beneficial operational region of our DM-SCIM scheme, the concept of FTN signaling was incorporated. Our simulation results demonstrated that the proposed schemes are capable of the increasing transmission rates of the existing SC and SCIM schemes. It was also verified that these benefits are attained while maintaining significantly lower PAPRs than those of OFDM-IM and OFDM.
